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Structure of Bacteriophage T4 RNase H, a 59 to 39
RNA–DNA and DNA–DNA Exonuclease with Sequence
Similarity to the RAD2 Family of Eukaryotic Proteins
Timothy C. Mueser,* Nancy G. Nossal,† acids with significant sequence similarity to the bacte-
riophage T5 D15 and T7 gene 6 exonucleases and toand C. Craig Hyde*
the N-terminal 59 to 39 nuclease domains of DNA Poly-*Laboratory of Structural Biology Research
merase I from many different bacteria (reviewed by Gut-National Institute of Arthritis and Musculoskeletal
man and Minton, 1993; Hollingsworth and Nossal, 1991).and Skin Diseases
All of these enzymes are 59 nucleases that degrade bothNational Institutes of Health
RNA–DNA and DNA–DNA duplexes toshort oligonucleo-Bethesda, Maryland 20892-2755
tide products. The N-terminal domain of Escherichia coli†Laboratory of Molecular and Cellular Biology
Pol I is required to remove lagging-strand RNA primers inNational Institute of Diabetes and Digestive
vivo and in vitro and is important in removing ultravioletand Kidney Diseases
damage (reviewed by Kornberg and Baker, 1992).National Institutes of Health
T4 RNaseH removes the RNA pentamer primers madeBethesda, Maryland 20892-0830
by the T4 encoded primase, as well as some adjacent
DNA, during DNA replication in vitro, leaving gaps that
are rapidly repaired by T4 DNA polymerase (Hollings-
Summary worth and Nossal, 1991; N. G. N., unpublished data). E.
coli host enzymes can partially substitute for the T4
Bacteriophage T4 RNase H is a 59 to 39 exonuclease encoded nuclease. A T4 phage with a deletion in its
that removes RNA primers from the lagging strand of RNase H gene (rnh) gives a burst of new phage in wild-
the DNA replication fork and is a member of the RAD2 type E. coli hosts that is only about 50% of that produced
family of eukaryotic and prokaryotic replication and by wild-type phage. The phage yield is reduced to 10%
repair nucleases. The crystal structure of the full- of the wild type in a host missing RNase H1, and there
length native form of T4 RNase H has been solved at is no measurable new phage in a host defective in the
2.06 A˚ resolution in the presence of Mg21 but in the 59 to 39 exonuclease of DNA polymerase I (Nossal, 1994;
absence of nucleic acids. The most conserved resi- L. J. Hobbs and N. G. N., unpublished data). T4 RNase
dues are clustered together in a large cleft with two H also plays a role in repair and recombination. Phage
Mg21 in the proposed active site. This structure sug- with the rnh deletion are sensitive to ultraviolet radiation
gests theway in whichthe widely separated conserved and to m-AMSA, an aminoacridine inhibitor of T4 topo-
regions in the larger nucleotide excision repair pro- isomerase (Woodward and Kreuzer, 1996).
teins, such as human XPG, could assemble into a The prokaryotic 59 to 39 nucleases are more distantly
related to a family of eukaryotic repair and replicationstructure like that of the smaller replication nucleases.
enzymes with sequence similarity to the Schizosaccha-
romyces pombe RAD2 protein (Harrington and Lieber,
1994; Murray et al.,1994; Robinset al., 1994). Theshorter
Introduction eukaryotic proteins (S. pombe RAD2, Saccharomyces
cerevisiae YKL510 [now called RTH1 for Rad two homo-
Nucleases that degrade RNA–DNA or DNA–DNA du- log; Sommers et al., 1995]), murine FEN-1, and the hu-
plexes, or both, from their 59 termini play essential roles man RAD2 analog (also called MF-1 or FEN-1) are 59 to
in DNA replication, repair, and recombination. In both 39 nucleases, with a preference for forked or flap DNA
prokaryotic and eukaryotic organisms, the discontinu- structures (Harrington and Lieber, 1994; Murray et al.,
ous Okazaki fragments on the lagging strand of the DNA 1994). The mouse (Goulian et al., 1990), human (Ishimi
replication fork are initiated by short RNA primers that et al., 1988; Waga et al., 1994), and homologous calf
must subsequently be removed by a 59 nuclease, before thymus (Turchi et al., 1994) enzymes remove RNA prim-
the gap can be replaced by DNA polymerase and the ers from lagging-strand fragments in vitro. Mutants with
adjacent fragments joined by DNA ligase (reviewed a deletion in S. pombe RAD2 are deficient in the repair
by Kornberg and Baker, 1992; Nossal, 1994). These of ultraviolet damage and show a high degree of chro-
nucleases are also required in many of the pathways mosome loss and disjunction (Murray et al., 1994).
that remove damaged regions from DNA (Prakash et al., In eukaryotic nucleotide excision repair, a large com-
1993; Sancar, 1994). Recombination that is induced by plex of 16–17 proteins makes single-stranded cuts be-
double-stranded breaks in the DNA, including the move- fore and after the damage, excising a 27–29 base oligo-
ment of mobile elements, requires 59 to 39 digestion of nucleotide (reviewed by Sancar, 1994). Defects in
one strand, leaving the complementary strand with its proteins required for the nucleotideexcision repair path-
39 terminus as a single strand that can invade another way result in xeroderma pigmentosum (XP), a disease
duplex (Lambowitz and Belfort, 1993; Szostak et al., in which there is photosensitivity and increased skin
1983). cancer. One of these XP proteins, human XPG, as well
Bacteriophage T4 RNase H was discovered in a as the related S. cerevisiae RAD2 protein, has a limited
search for a phage-encoded enzyme that could remove 59 to 39 exonuclease activity on duplex DNA and an
the RNA primers used to initiate lagging-strand synthe- endonuclease activity on forked DNA that is consistent
sis by the multienzyme T4 DNA replication system (Hol- with its making the incision on the 39 side of the damage
(Harrington and Lieber, 1994; Matsunaga et al., 1995;lingsworth and Nossal, 1991). It is a protein of 305 amino
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Table 1. Crystallographic Data
Crystal Native Cryo-Native
Lattice type Primitive orthorhombic Primitive orthorhombic
Space group P212121 P212121
Cell dimensions a 5 75.19, b 5 88.62, c 5 55.95 A8 , a 5 74.47, b 5 87.58, c 5 54.56 A8 ,
a 5 b 5 g 5 908 a 5 b 5 g 5 908
Data
Resolution 29.4–2.75 A8 25.0–2.06
Rmergea 3.9% 5.0%
Observed reflections 29,652 58,561
Unique reflections 8,859 22,706
Completeness, % 86.6% 93.6%
Refinement
Resolution 6.0–2.8 A8 6.0–2.06 A8
Reflections (|F| $ 2.0 s) 7,506 19,591
RValueb 16.6% 20.5%
Rfreeb N/A 29.0%c
RMSBondsd 0.010 A8 0.010 A8
RMSAnglesd 1.58 2.18
Atoms (nonhydrogen) 2,366 2,506
Solvent atoms 11 179
Magnesium ions 1 2
Ramachandran plote
Most favored (%) 89.0% 91.6%
Allowed (%) 11.0% 8.0%
n n
aRmerge 5 100 3 S S | F2 (hkl)| 2 kF2 (hkl)li / S S F2 (hkl) where F2 (hkl) is the intensity of the hkl reflection and , F2 (hkl) . i is the mean value3 4
hkl hkli51 i51
of i multiple measurements of the (hkl) equivalent reflections.
bRvalue 5 S | Fobs 2 Fcalc | / S | Fobs |, Rfree is the free Rvalue (10% random data subset, Brunger, 1992).
hkl hkl
cFinal value of Rfree calculated with X-PLOR (Brunger, 1992) prior to final refinement with PROLSQ (Hendrickson, 1985).
dRoot-mean-square deviations of bond lengths in A8 and bond angles in degrees calculated with X-PLOR (Brunger, 1992) for native or with
PROLSQ (Hendrickson, 1985) for cryo-native.
eRamachandran plot quality assessment using PROCHECK (Laskowski et al., 1992).
O’Donovan et al., 1994). These larger repair enzymes models were fully refined with good stereochemistry
(Table 1), were similar in overall conformation, and werehave two widely separated regions with sequence simi-
larity to the most highly conserved residues within the similarly disordered in a few short polypeptidestretches.
The cryo-native model, which includes 179 bound waterprokaryotic and shorter eukaryotic nucleases (Harring-
ton and Lieber, 1994; Murray et al., 1994). molecules, is shown in all the figures.
Here we describe the structure of T4 RNase H, an
important step toward our goal of analyzing the com- General Architecture of T4 RNase H
The three-dimensional model of T4 RNase H representsplete T4 DNA replication fork at the molecular level.
Structural information about this relatively simple multi- the native enzyme in the presence of divalent cations
required for exonuclease activity but in the absence ofenzyme model will inevitably add insight into more com-
plex DNA replication systems. This structure provides a DNA–DNA or RNA–DNA substrate. The overall fold of
the protein revealed a large central groove reminiscenta foundation for understanding the structures of the rest
of the RAD2 nuclease family and, in particular, suggests of many DNA-metabolizing enzymes and DNA-binding
proteins (see ribbons model in Figure 1 and surfacethe way in which the widely separated conserved re-
gions in the larger nucleotide excision repair proteins renderings in Figure 2). As seen in the standard view of
Figure 1, the molecule was divided by the groove intocould assemble into a structure like that of T4 RNase H
and the shorter eukaryotic nucleases. a larger subdomain on the right and a smaller subdomain
on the left. The right, or large, subdomain, comprised
largely of the N-terminal half of the sequence (colored
red, orange, yellow, and green in Figure 1), contained aResults and Discussion
core with a/b structure and a helix bundle projecting up
from the core to form the right side of the groove. TheThe crystal structure of full-length T4 RNase H has been
determined to a maximum resolution of 2.06 A˚, using left, or small, subdomain (colored cyan and blue in Fig-
ure 1) contained another a helical bundle at its core withenzyme crystallized in the absence of nucleic acid. The
“native” model was solved at 2.8 A˚ resolution by the a series of extended antiparallel loops projecting up to
form the left side of the groove. The base of the groovemethod of multiple heavy-atom isomorphous replace-
ment (MIR), using five heavy-atom derivatives (Tables was formed at the interface of the helical core of the
small subdomain and the a/b core of the large subdo-1 and 2). The second, higher resolution model, “cryo-
native,” was refined using data collected from a cryo- main. Two magnesium ions bound within a cluster of
highly conserved acidic residues in the base of thegenically preserved crystal and solved using initial-
phase information calculated from the MIR model. Both groove to form the active center of the molecule.
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Table 2. MIR Data Sets and Phasing Statistics
Crystal Native Orthorhombic P212121, a 5 75.19, b 5 88.62, c 5 55.95 A˚, a 5 b 5 g 5 908
Number of Phasing FOMf
Derivativea Resolution Rmerge%b Completeness (%) Difference (%)c sites Powere (cent, acent)
CH3HgCl 3.0 A˚ 4.4 92.4 8.3 2d 1.53 0.489, 0.313
AuCl4 3.0 A˚ 5.0 94.3 3.7 2d 1.52 0.518, 0.319
p-Hg-w-SO4 3.0 A˚ 4.3 91.0 3.2 1 1.08 0.393, 0.246
p-Hg-w-COOH 3.0 A˚ 7.5 80.1 13.4 2 1.22 0.330, 0.232
OsO4 3.5 A˚ 5.1 91.8 11.5 2 1.32 0.370, 0.256
BaCl2 3.5 A˚ 9.1 82.0 10.5 2 0.57 0.205, 0.142
Combined figure of merit for 7050 reflections to 3.0 A8 initial MIR phases. 0.622
Combined figure of merit for 7050 reflections to 3.0 A8 with solvent flattening. 0.843
Combined figure of merit for 8382 reflections to 2.8 A8 with phase extension. 0.754
aAbbreviations p-Hg-w-SO4 and p-Hg-w-COOH are p-mercuriphenylsulphonate and p-mercuribenzoate, respectively.
bRmerge as defined in Table 1.
cPercent isomorphous difference 5 100 3 S | Fderivative 2 Fnative | / S | Fnative |.
hkl hkl
dSingle site derivatives with dual conformations.
ePhasing power is defined as S | Fderivative 2 Fnative | / kEl where kEl is the mean lack of closure error.
hkl
fFOM (cent, acent) is the figure of merit for the centric and acentric reflections, respectively.
Structure of the Large Subdomain The C-Terminal Region
The remaining C-terminal residues (261–305, shown inThe most obvious feature of the core of this subdomain
was a twisted five-stranded parallel b sheet packed on magenta in Figures 1A and 1B) formed three helices
(H11, H12, and H13) where H11 spanned the backsideboth sides by helices. A short sixth b strand segment,
S6, ran on the protein surface, antiparallel to the other of the core of the large subdomain, well below the sub-
strate-binding groove. Helices H12 and H13 formed anstrands, before crossing into the small subdomain. A
prominent bundle of three helices (H1, H2, and H4) pro- antiparallel helix–loop–helix arrangement and packed
against the outer surface of helices H2 and H4, at thejected up from the core of the large domain to form the
right wall of the central cleft. Residues 72–100 (between right edge of the large subdomain. The location of the
residues precludes any involvement in substrate bindingS2 and H4) crossed over to the left subdomain to form
a short 310 helix (H3) before returning to the large subdo- or catalysis, and we speculate that these residues may
have a role in providing a docking site for other proteinsmain. Residues 89–97 showed disorder in the native
structure and could not be modeled accurately. Strand or enzymes in the replication fork.
S3, following H4 at the bottom of the helix bundle, paired
with S2 in the central sheet. The remainder of this core Disordered Regions
structure was formed by H5, S4, H6, and S5 (a helix– The first residue observed with good electron density,
strand–helix–strand motif common in a/b folds). Con- residue 12, was located at the bottom of the b sheet in
served acidic residues were located at the C-terminal S1 and was situated at the protein surface. The first 11
ends of the first four b strands; D19 after S1; D71 after residues extended into solvent and were not part of the
S2; E130, D132, and D133 after S3; and D155 and D157 compactly folded large subdomain. It is possible that
after S4. these residues could fold toward the C-terminus and
also be recruited in the docking of other replication fork
proteins. A second disordered region was located be-Structure of the Small Subdomain
tween helices H3 and H4 (residues 89–97). The missingResidues 185–260 formed the small subdomain (colored
nine residues, indicated by dots in Figure 1A, are showncyan and blue in Figure 1) with a compact helical bundle
spanning the central groove. This segment containedcore (H7, H8, H9, and H10). Packing interactions be-
several basic residues, including Arg-90, a highly con-tween H7 and H6 anchored this helical bundle core to the
served residue that is likely involved in substrate bind-large subdomain. Residues 196–225 in this subdomain
ing. This suggests that the span will adopt a more rigidformed a complicated series of sharp turns and short
conformation only in the presence of nucleic acid sub-antiparallel extended strands that projected up to form
strate.part of the bottom and left wall of the central cleft.
Residues in this region formed very specific interactions
with metal ions at the active site and were likely involved Structure of the Active Site
A striking feature of the T4 RNase H structure was thein substrate recognition and catalysis. Several aromatic
residues in this segment (F211, W212, and F213) packed clustering of nine acidic residues surrounding two mag-
nesium ions at the base of the cleft between the twotogether to form a hydrophobic pocket that anchored
the long loop extending from strand S2 (residues 71–89) subdomains (Figures 3A and 3B). Of the nine acid resi-
dues, seven were contributed by C-terminal ends of fourwith the side chains of Y84 and Y85. This hydrophobic
core displayed the lowest temperature factors of the of the five parallel strands in the b sheet of the large
subdomain. The first two residues, D19 and D71, wereentire molecule, suggesting a central role in stabilizing
the enzyme. found spatially adjacent at the ends of strands S1 and
Cell
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Figure 1. Ribbon Diagram and Secondary Structure Assignment of T4 RNase H
(A) Stereo ribbon diagram of the cryo-native model of T4 RNase H (shown in the standard view). The two octahedrally coordinated magnesium
ions, Mg1 and Mg2, are depicted with five and six bound water molecules, respectively. Helices H1–H13 and b strands S1–S6 are labeled in
order of appearance within the primary sequence (see [B] for assignments). The rainbow coloring scheme from the N- to C-terminus is shown
by the color bar at the bottom; each color segment represents approximately 40 residues. The disordered “missing” segments at the N-terminus
and the span from 89–97 are denoted by dots, one dot per missing residue. (Figure rendered by RIBBONS [Carson, 1991].)
(B) Secondary structure assignments for T4 RNase H. Residues found in a helices, 310 helices, and b strands in sheets are indicated graphically
above the amino acid sequence (see inset key). “T” indicates reverse b turns, successive b turns, and helical turns; “e” denotes residues with
extended b strand–like conformations but found outside of the central sheet or lacking the hydrogen bonds appropriate to define a sheet;
and “?” indicates missing residues in disordered regions with weak electron density. Helices and b strands are labeled H1–H13 and S1–S6.
Partially conserved, moderately conserved, and highly conserved residues (as defined in Figure 4A) are shown in italics, green, and red,
respectively.
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Figure 2. Surface Rendering of T4 RNase H
The surface of the cryo-native model of T4
RNase H is displayed with regions of positive
(blue) and negative (red) electrostatic poten-
tials (GRASP; Nicholls, 1992). The left view is
shown in the orientation of Figure 1A, and the
right view is shown from the top at a right
angle from the left view. An ideal 12 mer
B–DNA duplex is included to depict the rela-
tive size. The highly negative potential of the
cluster of acidic residues within the catalytic
center, located at the bottom of the cleft in
the top view, is partially neutralized by the
two bound Mg21 atoms. The remainder of the
surface, including the left wall of the groove,
is predominantly positively charged.
S2; five more acid residues, E130, D132, D133, D155, Magnesium Site 2
The second group of acidic residues was coupledand D157, were contributed by the loops and N-termini
of helices that immediately follow strands S3 and S4. through an extensive hydrogen-bonding/electrostatic
network surrounding the second magnesium ion, Mg2,The remaining two acidic residues, D197 and D200, were
contributed by an extended loop region following H7 in in a pocket adjacent to the coordination site of Mg1
(Figure 3B). Interactions were made with residues fromthe small subdomain. As discussed below, seven of the
nine acid residues are highly conserved in the 59 to 39 both the large and small subdomains. Unlike Mg1, Mg2
was not directly coordinated to any residue but wasnuclease and RAD2 families. D19 and D157 within the
acidic cluster of T4 RNase H have been shown to be extensively hydrogen-bonded to the protein through all
six of its water-molecule ligands. Protein atoms directlyessential for exonuclease activity by site-directed muta-
genesis (M. Bhagwat and N. G. N., unpublished data). involved in hydrogen bonds included the carboxylate
oxygens of D132, D157, D200, the imino nitrogen of R79,Divalent cations (Mg21 or Mn21) are essential for T4
RNase H activity (L. J. Hobbs and N. G. N., unpublished the phenolicoxygen of Y86, and the main-chaincarbonyl
oxygens of L257 and I258. The network of interactionsdata). Structural studies of other nucleases have shown
that they specifically bind one or sometimes two divalent surrounding Mg2 included a pattern of interdigitated
acidic and basic residues: D157, K192, D197, K199,metal ions at their active sites (Beese and Steitz, 1991;
Joyce and Steitz, 1994; Kostrewa and Winkler, 1995). D200, K87, E130, R79, and D133 (appearing nearly
clockwise, as shown in Figure 3B). This spatial distribu-Apart from a more direct role in catalysis, metal binding
sites in nucleases may stabilize substrate complexes tion of positive and negative charges likely assists in
neutralizing the overall charge of the acidic cluster. The(Joyce and Steitz, 1994) or stabilize a cluster of acidic
negative charges within the apoprotein. In T4 RNase H, phenolic oxygen of conserved residue Y86, coupled with
the magnesium centers and hydrogen-bondingnetwork,the strongly negative net charge at the base of the
groove was partially neutralized by the magnesium ions could also serve as a hydrogen donor for the exo-
nuclease activity.(see Figure 2). The remainder of the surface, including
the walls of the groove, was mostly basic, as expected
for a nucleic acid–binding enzyme. Verification of Metal Binding Sites
The clarity of the electron density map and the observedThe acidic residues at the active site could be placed
into two groups, based on their ligation to the magne- bond distances and coordination geometry strongly
support the current assignment of metal binding sites.sium ions (Mg1 and Mg2; Figure 3B). Mg1 and Mg2 were
separated by approximately 7 A˚ and were indirectly cou- The two magnesium binding siteswere further examined
by replacing Mg21 with other divalent cations, usingpled through hydrogen bonds between their water mole-
cule ligands, a bridging water molecule, and the carbox- crystal soaking techniques.
A Ba21 derivative data set, originally intended for MIRylate of D132. The arrangement of the active-site
residues is described below in reference to these two phasing but not included because of a relatively low
contribution to the overall phasing power (see Table 2),metal-binding sites.
Magnesium Site 1 indicated two binding sites. Although the coordination
is different, the data suggest that two divalent ions canIn the native enzyme structure, Mg1 appeared more ac-
cessible to substrate than Mg2. Mg1 was directly coordi- bind in the active site. A barium versus native–difference
electron density map at 3.5 A˚ resolution (data notnated to the carboxylate oxygen atom of D132 (best
seen in Figure 3A) and to five water molecules. The shown), showed two intense peaks at density levels of
10 s and 8 s, centered in the acidic clusters of the activecarboxylates of D19, D71, D132, and D155 formed hy-
drogen bonds with four of the five waters. The fifth water site. The two Ba21 ions were bound between the side
chains of D19, D132, and D155, and between D132,ligand was directed toward the surface of the base of the
central cleft and was presumably exposed to substrate. D155, and D157 and separated by 5.0 A˚. The positions
of the barium peaks were not superimposable on theThe carboxylate of D19 was also hydrogen-bonded to
the hydroxyl oxygen of S153, a conserved residue and refined magnesium sites but were located 2.4 A˚ and 3.6
A˚ from Mg1 and Mg2, respectively. The accompanyingpotential hydrogen donor to the exonuclease reaction.
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Figure 3. Active Site of T4 RNase H
(A) Electron density of the magnesium ions bound in the active site. 2.06 A˚ resolution 2Fo–Fc electron density contours at 0.75 * root-mean-
square density level (green), confirming the assignment of Mg21 ions. The map shown was calculated at an early stage, prior to the inclusion
of metals and 11 water ligands, to provide an unbiased electron density image. For clarity, only the density contours within a radius of 1.25
A˚ of these atoms and of D132 are shown. Mg2 is assigned by the clear stereochemistry of its six octahedrally coordinated waters. Mg1,
coordinated to the carboxyl oxygen of D132 and five water molecules, is exchangeable in the crystal with Mn21. Positive density peaks at 4
s (red) and 6 s (white) from an Mn21-soaked crystal versus native crystal difference map are shown surrounding the position of Mg1.
(B) Stereo diagram of the cryo-native model of T4 RNase H active-site residues. The two magnesium ions, Mg1 and Mg2, with coordinated
water molecules and additional water molecules that are part of the extended hydrogen-bonding network, are shown. Potential hydrogen
bonds less than 3.2 A˚ in length are depicted by dotted lines. The bonds of highly conserved and moderately conserved residues are colored
red and green, respectively, as in Figure 4A. Carbon, nitrogen, and oxygen atoms are colored gray, blue, and red, respectively. Residues
involved in hydrogen-bonding to Mg1 ligands include the carboxylate oxygens of D19, D71, D132, and D155. The Mg2 ligands are hydrogen-
bonded to the carboxylate oxygens of D132, D157, D200, the imino nitrogen of R79, the phenolic oxygen of Y86, and the main-chain carbonyl
oxygens of L257 and I258 (not shown). The extended network includes D133, D197, and E130, together with K87, K192, and K199. Note that
acidic residues E130, D133, D157, D197, and D200, are interdigitated by the basic residues R79, K87, K192, and K199.
positional shifts of active-site residues observed in the data sets were virtually identical, displaying only a single
positive difference peak at a height of 7 s, centered ondifference map suggest that the larger Ba21 ions coor-
dinate directly to the carboxylate groups rather than the Mg1 site. No difference density was detected at the
Mg2 site, suggesting either that the site had a very slowbadopting the hydrated coordination of the magne-
sium ions. kinetic off-constant or that the dissociation constant for
magnesium was several orders of magnitude less thanSince the enzyme was fully active with Mn21, we could
expect Mn21 to bind in the same way and in the same that of Mn21. It is possible that a relaxation of the binding
pocket of Mg2 is required for exchange at this site butlocation as Mg21. Data sets (2) were obtained from crys-
tals soaked in substitute mother liquor containing man- that lattice contacts prevent this conformational change
from occurring in the crystal.ganous acetate for 12 hr and 120 hr, respectively. The
crystals remained isomorphous to the native crystals,
but the longer soaking time seemed to diminish the Sequence and Structural Homology
T4 RNase H has significant similarity in sequence andresolution. Manganese versus magnesium–difference
electron density maps (Figure 3A) calculated from both function to those of a large number of other prokaryotic
Crystal Structure of T4 RNase H
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Figure 4. T4 RNase H Has Significant Amino Acid Sequence Similarity to Other Prokaryotic 59 to 39 Nucleases and to the RAD2 Family of
Eukaryotic Nucleases
Amino acid alignment. Highly conserved residues (red) are identical in at least 7 of the prokaryotic or 12 of the total sequences shown;
moderately conserved (green) are similar in at least 6 of the prokaryotic or 10 total sequences; and partially conserved (gray) are similar in at
least 7 of the proteins. Asterisks denote highly conserved residues clustered in the proposed active site of T4 RNase H. The secondary
structural elements, defined in Figure 1B, are shown above the T4 RNase H sequence. Segments associated with the N and I regions of
similarity, described in (B), are colored orange and blue, respectively. References for the prokaryotic nuclease sequences can be found in
Hollingsworth and Nossal (1991) and Gutman and Minton (1993), except for Mycobacterium tuberculosis (Mtb; Huberts and Mizrahi, 1995):
eukaryotic sequences are Murine FEN-1 (Harrington and Lieber, 1994), Human RAD2 analog and S. pombe RAD2 (Murray et al., 1994), S.
cerevisiae YKL510 (Jacquier et al., 1992), S. cerevisiae RAD2 (Madura and Prakash, 1986), and Human XPGC (Scherly et al., 1993). The limited
region of E. coli RNase H (Yang et al., 1990) with similarity to T4 RNase H is shown in the line above the secondary structure assignments.
(B) Diagram of the location of the N, I and C (N-terminal, internal, and C-terminal) conserved regions of the prokaryotic and eukaryotic
nucleases. This figure is adapted from Harrington and Lieber (1994).
and eukaryotic nucleases (Figure 4A). The most highly enzymes include the highly conserved family of small
59 to 39 nucleases (Murine FEN-1, Human RAD2 analog,conserved amino acids in T4 RNase H were clustered
together in the acidic cleft described above, which we S. pombe RAD2, and S. cerevisiae YKL510) which re-
move RNA primers during DNA replication in vitro andpresumed to be the active site of the enzyme. As intro-
duced earlier, the prokaryotic enzymes include the small have a preference for cutting “flap” structures. As dia-
grammed in Figure 4B, these small eukaryotic enzymesphage-encoded T5 D15 and T7 gene 6 exonucleases
and the N-terminal 59 to 39 exonuclease domains of have sequence similarity to the larger repair proteins,
such as S. cerevisiae RAD2, in three regions designatedDNA polymerase I from many bacteria. The eukaryotic
Cell
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Figure 5. Conserved Residues and N and I Segments Mapped Onto Structure of T4 RNase H
Stereo diagram of the T4 RNase H constructed following conventions of Figures 4A and 4B, with highly conserved and moderately conserved
residues depicted in red and green, respectively. The N and I ribbons segments are colored orange and blue, respectively, as in Figures 4A
and 4B.
N, I, and C by Harrington and Lieber (1994) and A, B, Bhagwat, personal communication). The mutations in
human FEN-1 (E156A, D181A, and D233A; Shen et al.,and C by Murray et al. (1994). In the sequence alignment
in Figure 4A, residues that are identical in 7 of the 8 1996) and Mtb polymerase (E123Q, D150N, and D202N;
V. Mizrahi, personal communication), which correspondprokaryotic enzymes or in 12 of the 14 combined se-
quences are highlighted in red. Residues similar in at to T4 E130, D157, and D200, respectively, had sharply
reduced activity. The difference in the requirement forleast 6 of the prokaryotic or 10 of the combined se-
quences are in green, and those similar in at least 7 the aspartate corresponding to T4 D200 may be a conse-
quence of the different types of DNA substrates usedsequences are in gray.
The outstanding feature of this sequence comparison to assay the T4, Mtb, and FEN-1 enzymes. Since FEN-1
E156A and D233A also lose DNA binding, Shen et al.was the presence of seven acidic residues correspond-
ing to T4 RNase H, D19, D71, E130, D132, D155, D157, (1996) have proposed that these amino acids are impor-
tant for binding to the flap substrate.and D200, which are conserved in all of the proteins.
In addition, the prokaryotic enzymes all have residues The amino acids that interacted with the acidic side
chains surrounding Mg2 (R79, Y86, K87) are present incorresponding to T4 D133 and D197. Although these
amino acids were scattered throughout the primary se- the prokaryotic nucleases, and either arginine or lysine
is present at the position corresponding to T4 K192 inquence in the N and I regions (Figure 4A and 4B), they
were clustered together with the two Mg21 in the active four of the other prokaryotic enzymes. There is no basic
residue corresponding to T4 K199 in any of the othersite of the enzyme (Figure 5).
A comparison of the conserved residues (see Figure enzymes. In the eukaryotic enzymes, arginine has re-
placed T4 K87, but there are no counterparts to T4 R79,4) with those in the cleft (see Figure 3) shows that the
acidic side chains closest to the Mg1 (D19, D71, D132, Y86, or K192. In human FEN-1, the R103A mutation,
corresponding to T4 K87, retains its activity (Shen et al.,and D155) have been preserved in all of these nucleases,
with E replacing D132 in the eukaryotic proteins. Either 1996).
The segment of residues that joined the conserved Nserine or threonine is present at the position corre-
sponding to S153, a residue which hydrogen-bonded to and I regions was disordered in the T4 RNase H struc-
ture. From K87 at the end of the N domain to the begin-D19 in the T4 RNase H structure. The requirement for
the aspartates corresponding to D19, D71, and D132 ning of helix H4 at D100, the T4 enzyme has two argi-
nines and three lysines that, as noted above, may behas been established by mutagenesis. The T4 D19N (M.
Bhagwat and N. G. N., unpublished data), E. coli D13N, important for binding the nucleic acid substrates. Al-
though the sequence of this disordered region is notD63A, and D115A (Y. Xu, K. Ng, and C. M. Joyce, per-
sonal communication), Mtb D21N, D73N, and D125N conserved, the T5 and T7 enzymes have four and five
basic residues, respectively, in their corresponding se-(V. Mizrahi, personal communication) and human FEN-1
D34A and D86A (Shen et al., 1996) mutations have little quences. The fact that the 59 to 39 nuclease domains of
the bacterial polymerases have fewer basic groups (2–3)or no residual activity.
The second group of acidic residues surrounding Mg2, in the similar positions may indicate that they depend
to some extent on the attached polymerase and 39 to(E130, D133, D157, D197, and D200; see Figure 3B) is
maintained in all the prokaryotic enzymes, but the amino 59 exonuclease domains to bind the nucleic acid sub-
strates. There are three to five basic residues in thisacids corresponding to D133 and D197 are missing in
the eukaryotic sequences. The T4 D157N mutant RNase region in each of the smaller eukaryotic enzymes.
In the larger eukaryotic DNA repair enzymes, S. cere-H enzyme has lost most, but not all of its activity,
whereas D200N retains the activity of the wild type (M. visiae RAD2 and Human XPG, the conserved N and I
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domains are separated by a long sequence at the same T4 RNase H, gives short oligonucleotide products from
the RNA strand of RNA–DNA duplexes but, in contrast,position as the short disordered region connecting the
does not degradeDNA duplexes. Each of these enzymesN and I domains in the T4 RNase H structure. Each of
has a b sheet with the strands ordered S5, S4, S1, S2,these eukaryotic proteins has been shown to have 59 to
and S3, but S2 runs in opposite directions in the two39 exonuclease activity on duplex DNA, to act as an
proteins (Figure 1A; Katayanagi et al., 1990; Yang et al.,endonuclease on single-stranded M13 DNA, and to
1990). There is only one Mg21 in the active site of themake cuts on tailed DNA and DNA with single-stranded
E. coli enzyme (Katayanagi et al., 1993). Sequence simi-bubbles that are consistent with their incising theduplex
larity is limited to a short segment that includes the E.DNA to the 39 side of the damage (Habraken et al., 1994;
coli catalytic residues E48 and D70, corresponding toO’Donovan et al., 1994). A truncated S. cerevisiae RAD2
T4 RNase H residues D132 and D155, respectively (Fig-protein, missing most of the protein between the N and
ure 4A). When models of the two enzymes are superim-I domains, has exonuclease activity on branched DNA
posed on the basis of this peptide segment, the thirdsubstrates similar to that of the smaller murine FEN-1
catalytic residue D10 and the bound Mg21 of the E. coliprotein (Harrington and Lieber, 1994). Thus, it is likely
RNase H align spatially with T4 RNase H D19 and Mg1that the separated N and I domains of the larger proteins
(not shown). The proposed structural and evolutionaryfold into a structure like that of T4 RNase H, with an
relatedness between E. coli RNase H and several poly-additional domain joined at the position of the disor-
nucleotidyl transferases (Grindley and Leschziner, 1995;dered region of the T4 enzyme. This extra domain may
Yang and Steitz, 1995) suggests that it may also bebe required for the larger nucleases to interact with
possible to relate T4 RNase H to this family of enzymes.other proteins in the nucleotide excision repair complex
A detailed study of DNA–DNA and DNA–RNA duplexes(reviewed by Sancar, 1994).
cocrystallized with the protein is essential for under-
standing the catalytic mechanism. At present, we can
Comparison to the Taq Polymerase only speculate as to the mode of substrate binding,
Exonuclease Domain because no data are available that address the confor-
The only other member of this family of enzymes for mation of nucleic acid or its directionality in the active
which structural data exists is the 59 nuclease domain center groove. Modeling attempts show that the width
of Taq DNA polymerase I (Kim et al., 1995). As expected of the groove is somewhat too narrow to accommodate
fromthe sequence data, theTaq polymerase59 nuclease a regular B–DNA helical duplex, but there is little reason
domain showed a similar arrangement of acidic residues to expect that the substrate needs to adopt this confor-
within the active site. The binding of Mn21 to residue mation. The bound DNA–DNA or DNA–RNA hybrid could
D144 and the binding of Zn21 to D18 in the Taq exo- be bent or unwound by the enzyme. Conformational
nuclease domain, depicted in Figure 3C of Kim et al. changes could also occur within the protein to accom-
(1995), is similar to that observed with Ba21 binding to modate the substrates. Crystals of the D19N mutant
T4 RNase H, as described above. The Zn21 position in enzyme, displaying DNA-binding capability with little or
the Taq enzyme is near the Mg1 site of T4 RNase H, no exonuclease activity (M. Bhagwat and N. G. N., un-
and the Mn21 site near D144 is approximately equivalent published data), have been grown in the presence of a
to the Mg2 site. The second Mn21 site in the Taq enzyme short duplex DNA fragment. We hope that a clearer
near D120 as yet appears to have no counterpart in the understanding of the catalytic mechanism of the 59 to
T4 enzyme, since no metal binding has been observed 39 exonuclease activity will follow.
The striking level of sequence conservation of active-in this location.
site residues in T4 RNase H and the eukaryotic DNA
repair and replication proteins suggests that mechanis-Conclusion
tic insights can be readily and confidently extrapolated
The presence of highly conserved acidic residues clus-
to these other enzymes. This family of enzymes should
tered at the bottom of a prominent groove leaves little function similarly at the level of phosphodiester bond
doubtas to the location of the activesite in this nuclease.
cleavage in the active site but differ in their preference
Although the ligation and binding of two magnesium for flapped, branched, and bubbled substrates. These
ions in the active site is remarkably clear in the 2.06 A˚ enzymes should also differ in their interactions with the
resolution structure, the function of one of the metals other replication and repair proteins. The variable re-
is less obvious. Beese and Steitz (1991) have proposed gions within this family are good candidates for having
a “two-metal” catalytic mechanism in the 39 to 59 exo- roles in recognizing these DNA structures or in binding
nuclease domain of E. coli Pol I, in which the metals are to other proteins. Ultimately, structural and mechanistic
separated by only 3.9 A˚ in the transition-state complex. studies of these enzymes should help to explain the
If a similar two-metal mechanism exists in T4 RNase H, molecular basis for the disease causedby specific muta-
substantial rearrangement of the magnesium positions tions in the XPG protein.
upon substrate binding would be required, because Mg1
and Mg2 are separated by over 7 A˚. In the absence of Experimental Procedures
data supportive of a large conformational change, a
Protein Purificationmore conservative suggestion is that Mg1 is catalytically
Native T4 RNase H was purified according to the procedure de-important, and the less accessible Mg2 site may have a scribed previously (Nossal et al., 1995), with modifications. E. coli
structural role and possibly an indirect role in substrate BL21 (DE3) pLys-S cells (Novagen Corp.), transformed with the ex-
binding. pression plasmid pNN2202 (Hollingsworth and Nossal, 1991), en-
coding T4 RNase H, were stored in Luria broth with 25% glycerolE. coli RNase H is a 155 residue 59 nuclease that, like
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at 2808C. An overnight culture grown at 378C in 50 ml of Luria broth temperature, prior to discovering how to preserve the crystals cryo-
genically. All derivatives were prepared by soaking single crystalswith 50 mg/ml carbenicillin was used to inoculate a 5 l fermentation
vessel (New Brunswick Scientific Bioflo 3000) containing 47 g/l Ter- in a substitute mother liquor (100 mM sodium cacodylate [pH 6.5],
50 mM ammonium chloride, 50 mM ammonium sulphate, 300 mMrific Broth (Sigma Chemical Company) with 5 g/l glucose and 50
mg/ml carbenicillin. The cells were grown to an optical density, OD600, magnesium acetate, and 18% PEG 8000) containing heavy-atom
regent (Table 2). The mercury and gold compounds reacted rapidly,of 2.3, induced with 2.4 g isopropylthioglucoside (United States
Biochemical) for 2 hr, collected by centrifugation (20 min, 5400 3 and crystals were allowed to soak until striations visible under the
microscope began to form. Methylmercuric chloride required onlyg) to yield 43.5 g of wet paste, and stored at 2808C. Thawed cells
were suspended in 200 ml lysis buffer (50 mM Tris–HCl [pH 7.5], 0.2 1 hr to react, whereas the gold and phenylmercury derivatives re-
acted for 3 hr and osmium tetraoxide overnight.M NaCl, 5 mM MgCl2, 10% glycerol, 1 mM dithiothreitol, 1 mM
aminoethylbenzenesulfonyl fluoride), lysed using a French Press MIR phases (Table 2), computed to 3.0 A˚ resolution using five
(SLM Aminco) pressure cell, and centrifuged to clarify (1 hr, 100,000 derivatives, yielded a combined mean figure of merit of 0.622 for
3 g). The supernate was diluted four-fold with 50 mM Tris–HCl (pH 7050 unique reflections. Phase improvement by solvent flattening
7.5) to reduce the conductivity and then loaded onto a phosphocel- (PHASES; Furey and Swaminathan, 1995) increased the figure of
lulose column (Whatman P11, 30 g dry weight) at a flow rate of 10 ml/ merit to 0.843. Phases for an additional 1332 reflections from 3.0–2.8
min, using a Pharmacia Biopilot fast protein liquid chromatography A˚ resolution were estimated by phase extension (PHASES) to yield
system. The column was rinsed with phosphocellulose buffer A (50 a data set with 8382 unique reflections and figure of merit of 0.754.
mM Tris–HCl [pH 7.5], 1mM EDTA, 10% glycerol, 1 mM dithiothreitol, An initial electron density map was readily interpretable and allowed
50 mM NaCl, 0.1 mM aminoethylbenzenesulfonyl fluoride), and the modeling of about 94% of the primary sequence in two continuous
protein was eluted at 300 mM NaCl with a 750 ml linear gradient of segments, residues 12–89 and 98–305. An additional round of re-
50–750 mM NaCl in phosphocellulose buffer. The pooled fractions building and refinement, including refinement of individual atomic
containing RNase H were diluted with 25 mM Tris–HCl (pH 8.0) to temperature factors, produced a model with an R-factor of 17.2%
the conductivity of hydroxyapatite buffer A (25 mM Tris–HCl, 1 mM at 2.8 A˚ resolution. This model was used as the starting model for
EDTA, 100 mM NaCl, 1 mM dithiothreitol, 0.1 mM aminoethylben- refinement against the 2.06 A˚ resolution cryogenic data set (below).
zenesulfonyl fluoride) and loaded onto a 16 cm 3 20 mm column The 2.8 A˚ model was improved at a later stage by replacing coordi-
packed with PrissmTM ceramic hydroxyapatite (Integrated Separa- nates with the fully refined cryogenic 2.06 A˚ model and refining
tionsSystems) equilibrated with hydroxyapatite Buffer A. T4 RNaseH with three cycles of simulated annealing and temperature factor
was eluted at about 250 mM (NH4)2SO4 with a linear 0–100% gradient refinement (X-PLOR; Brunger, 1992). This procedure corrected the
of hydroxyapatite Buffer B (hydroxyapatite Buffer A with 0.6 M last remaining conformational outliers, producing a final model with
(NH4)2SO4). The pooled RNase H (270 mg) was concentrated to 50 good stereochemistry and an R-value of 16.6% for the data from
OD280/ml (30.2 mg/ml) and stored in the gradient buffer in aliquots 6.0–2.8 A˚ resolution (Table 1). The N-terminal 11 residues are disor-
at 2808C. The final product was confirmed to be T4 RNase H by dered, and the segment from residues 90–97 displays weak but
N-terminal sequencing of the first 15 residues and was shown to uninterpretable electron density. Solvent molecules (11) and one
have full exonuclease activity. Mg21 ion coordinated with the carboxylate of D132 are included.
Crystallization, Heavy Atoms Derivitization, Refinement of High Resolution Cryogenic Data
and Cryogenic Preservation The unit cellconstants from the flash-frozen crystal were nonisomor-
Crystals of native T4 RNase H were obtained from the hanging-drop phous with the native data collected at ambient temperature. Cell
vapor–diffusion method at 218C, using protein stock diluted to 20 constants contracted approximately 1% in each dimension (Table
OD280/ml with 50 mM NH4Cl and equilibrated against a reservoir 1), yielding a mean isomorphous difference in amplitudes of 14.7%
solution containing 300 mM magnesium acetate, 100 mM sodium
to 2.8 A˚ resolution (PHASES; Furey and Swaminathan, 1995). The
cacodylate (pH 6.5), and 18% polyethylene glycol (PEG) 8000. Large
refined coordinates of the native model were used as the initial
diffraction-quality crystals used for MIR phasing and cryogenic data
model for refinement against the higher resolution data set.A combi-
collection were obtained by microseeding with crushed crystals
nation of rigid-body and simulated-annealing refinement (X-PLOR;into similar solutions with lower PEG concentrations, ranging from
Brunger, 1992) was followed by four alternating cycles of rebuilding14%–15% PEG 8000. Crystals belong to the orthorhombic space
with computer graphics and restrained least-squares refinementgroup P212121, with cell dimensions a 5 75.19, b 5 88.62, c 5 55.95 (PROLSQ; Hendrickson, 1985). No extensions could be made in theA˚ (Tables 1 and 2), containing one monomer per asymmetric unit
disordered regions; the final model contains the same continuouswith a Matthews’ coefficient of 2.73 (Matthews, 1968). Native crys-
segments of residues observed in native but with additional disordertals initially diffracted to better than 1.9 A˚ resolution but decayed
at residues 181–182. A total of 179 water molecules and two magne-rapidly, yielding a 2.8 A˚ resolution native data set.
sium ions with individual B-values are included. The weaker magne-High resolution data from a native crystal to 2.06 A˚ resolution
sium ion was constrained to a position deduced both from the(Table 1) were obtained using cryogenic preservation to eliminate
appearance of the 2Fo–Fc electron density and from a strong differ-the decay. The cryo-native data were obtained from a crystal with
ence-density peak from a manganese-soaked crystal (below). Thedimensions 0.3 3 0.3 3 0.7 mm, soaked for 2 min each in a series
final model (cryo-native) has good stereochemistry and a finalof substitute mother liquor–cryoprotectant solutions with 12% PEG
R-value of 20.4% at 2.06 A˚ resolution.8000 and stepwise-increasing glucose concentrations of 0, 5, 10,
15, and 20% w/v glucose.
Crystal Soaks with Barium and Manganese
Replacing MagnesiumData Collection and Processing
A crystal (form 1; see Table 1) was soaked in a solution of substituteX-ray data were collected with a Rigaku R-Axis IIC image-plate
mother liquor containing 100 mM sodium cacodylate (pH 6.5), 300detector system mounted on a Rigaku RU200 generator equipped
mM magnesium chloride, 2% (v/v) glycerol, 20 mM sodium acetate,with a graphite monochromator producing Cu-Ka (1.54 A˚) radiation.
100 mM ammonium acetate, and 15% (w/v) PEG 8000 (Fluka) for 4Cryogenic data were collected using a Molecular Structure Corp.
hr, to remove sulfate. The crystal was then transferred to a substitutecrystal cooling system and focusing mirror system. Crystals were
solution as above with 300 mM magnesium chloride replaced withmounted either in quartz capillaries for ambient temperature data
300 mM barium chloride and allowed to soak overnight. Data collec-collection or suspended in a fiber loop prepared from a single thread
tion was performed at ambient temperature, as described above.of unwaxed dental floss and placed in the 21658C cold gas stream
The crystal turned opaque upon soaking and produced data with aof the cryo system. Data were processed with R-Axis processing
rather poor R-merge of 9.1% extending to 3.5 A˚.software (Higashi, 1990); statistics are presented in Table 1.
Crystals were soaked in a substitute mother liquor containing a
reduced concentration of PEG 8000 (12.5% w/v for crystals grownMIR Phasing, Model Building, and Refinement
at 15% w/v) and 300 mM manganous acetate replacing the 300 mMA search for heavy-atom derivatives suitable for phasing by the
method of MIR was conducted using data collected at ambient magnesium acetate. Data sets were obtained for 12 hr and 120 hr
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soaks. The crystalswere flash-frozen in liquidpropane after momen- kb segment of yeast chromosome XI identifies the APN1 and the
BAF1 loci and reveals one transfer: RNA gene and several newtary suspension in a mother liquor containing 20% glucose. Cell
constants are isomorphous with the cryo-native crystal. The 12 hr reading frames including homologs to RAD2 and protein kinases.
Yeast 8, 121–132.soak data is 81.1% complete to 3.0 A˚ with an accumulative R-merge
of 7.2% for 6003 reflections. The 120 hr soak data is 95.1% complete Joyce, C.M., and Steitz, T. (1994). Function and structure relation-
to 3.5 A˚ with an accumulative R-merge of 10.6% for 4574 reflections. ships in DNA polymerases. Annu. Rev. Biochem. 63, 777–822.
Both data sets were used to calculate Fo–Fc difference maps using
Katayanagi, K., Miyagawa, M., Matsushima, M., Ishikawa, M., Ka-cryo-native model phases.
naya, S., Ikehara, M., Matsuzaki, T., and Morikawa, K. (1990). Three-The coordinates for the high resolution cryo-native form of T4
dimensional crystal structure of ribonuclease H from E. coli. NatureRNase H will be deposited for immediate release in the Brookhaven
347, 306–309.Protein Data Bank (PDB ID code 1TFR and R1TFRSF for the coordi-
Katayanagi, K., Okumura, M., and Morikawa, K. (1993). Crystal struc-nates and structure factors, respectively).
ture of Escherichia coli RNase H1 in complex with Mg21 at 2.8 A˚
resolution: proof for a single Mg21 binding site. Prot. Struct. Funct.Acknowledgments
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